The 3-Phosphoinositide-Dependent Protein Kinase 1 (PDK1) is a conserved and important 9 master regulator of AGC kinases in eukaryotic organisms. pdk1 loss-of-function causes a lethal 10 phenotype in animals and yeast. In contrast, only very mild phenotypic defects have been 11 reported for the pdk1 loss-of-function mutant of the model plant Arabidopsis thaliana 12 (Arabidopsis). The Arabidopsis genome contains two PDK1 genes, hereafter called PDK1 and 13 PDK2. Here we show that the previously reported Arabidopsis pdk1 T-DNA insertion alleles are 14 not true loss-of-function mutants. By using CRISPR/Cas9 technology, we created true loss-of-15 function pdk1 alleles, and pdk1 pdk2 double mutants carrying these alleles showed multiple 16 growth and development defect, including fused cotyledons, a short primary root, dwarf stature, 17 late flowering, and reduced seed production caused by defects in male fertility. Surprisingly, 18 pdk1 pdk2 mutants did not phenocopy pid mutants, and together with the observations that 19 PDK1 overexpression does not phenocopy the effect of PID overexpression, and that pdk1 20 pdk2 loss-of-function does not change PID subcellular localization, we conclude that PDK1 is 21 not essential for PID membrane localization or functionality in planta. Nonetheless, most pdk1 22 pdk2 phenotypes could be correlated with impaired auxin transport. PDK1 is highly expressed 23 in vascular tissues and YFP:PDK1 is relatively abundant at the basal/rootward side of root stele 24 cells, where it colocalizes with PIN auxin efflux carriers, and the AGC1 kinases PAX and 25 D6PK/D6PKLs. Our genetic and phenotypic analysis suggests that PDK1 is likely to control 26 auxin transport as master regulator of these AGC1 kinases in Arabidopsis.
SPECIFIC 3 (RSH3/AGC1.6) specifically regulates root hair morphology (Won et al., 2009) . 105
The disproportion between the in vivo data on the functions of the different Arabidopsis AGC 106 kinases that are established in vitro phosphorylation targets of AtPDK1, and the small role that 107
AtPDK1 itself seems to play in development based on the pdk1 pdk2 double mutant phenotype, 108 made us reinvestigate the published data on AtPDK1. 109 PID has been reported as one of the prime targets of PDK1 (Zegzouti et al., 2006a) , but the 110 pdk1 pdk2 double mutant lacks the typical pid loss-of-function phenotypes. We therefore 111 generated Arabidopsis lines overexpressing PDK1 (PDK1ox), and found that seedlings of these 112 lines lacked the strong phenotypes observed in seedlings overexpressing PID (PIDox). These 113 results suggest that either PDK1 requires activation and that this is not triggered in the PDK1ox 114 seedlings, or that it is not rate limiting for PID activity. Next, we re-analyzed the published pdk1 115 and pdk2 T-DNA insertion alleles. Based on RT-PCR experiments, the two pdk2 alleles appeared to represent true loss-of-function mutants. However, functional PDK1 mRNA was still 117 detectable in the three pdk1 alleles, explaining the lack of strong phenotypes in the pdk1 pdk2 118 double mutant combinations. Using CRISPR/Cas9, we generated several true pdk1 loss-of-119 function mutant alleles, which when combined with the pdk2 T-DNA insertion allele did display 120 strong growth and developmental defects. The mutant phenotypes indicate a pleiotropic, but 121 PID-independent role for PDK1 in plant development as regulator of auxin transport. 122
PDK1ox and PIDox seedlings do not share phenotypes. 124
The key defects caused by PIDox in Arabidopsis are agravitropic seedling growth and collapse 125 of the main root meristems as a result of redirected polarity of PIN-mediated auxin transport 126 ( Figure 1G ,H, J) (Benjamins et al., 2001; Friml et al., 2004) . In view of the model that PDK1 127 regulates PID kinase activity (Zegzouti et al., 2006a) , we expected PDK1ox to cause similar 128 phenotypes as PIDox. More than thirty independent p35S::YFP:PDK1 or p35S::PDK1 129 transgenic lines were selected and T2 seedlings grown on vertical agar plates showed normal 130 gravitropic growth. Five single locus homozygous T3 lines with different PDK1 overexpression 131 levels were subsequently selected for further phenotype observation and quantification ( Figure  132 1I). All of the representative PDK1ox lines showed normal gravitropic seedling growth and no 133 collapse of the main root meristem was observed ( Figure 1 ). Roots of p35S::YFP:PDK1#5.4 134 and p35S::YFP:PDK1#9.6 seedlings were even slightly longer than wild-type roots ( Figure 1H The above results suggest that PDK1 is not rate limiting for endogenous PID activity. However, 138
we cannot exclude that the PDK1 kinase itself requires signaling to be activated, and that 139 therefore its overexpression does not lead to additional phenotypes under normal growth 140 conditions. 141
142

CRISPR/Cas9-generated mutant alleles indicate a central role for PDK1 in development 143
To obtain further indications for the proposed role of PDK1 as upstream regulator of PID, we 144 re-assessed the previously described pdk loss-of-function mutant alleles. Three pdk1 and two 145
pdk2 T-DNA insertion alleles have been reported to be loss-of-function mutants (Camehl et al., 146 2011; Scholz et al., 2019) . Neither pdk1 nor pdk2 single mutants showed any noticeable 147 phenotype, and different double mutant combinations of the pdk1 and pdk2 alleles only showed 148 a mild reduction in silique length and plant height (Camehl et al., 2011; Scholz et al., 2019) . 149
Two pdk2 alleles, pdk2-1 and pdk2-4, were confirmed to be true knock-out mutants by RT-PCR 150 analysis (Figure 2A, B ). However, in contrast to published data, the pdk1-c allele appeared to 151 produce a full length mRNA (Figure 2A , B) (Camehl et al., 2011; Scholz et al., 2019) , whereas 152 the pdk1-a and pdk1-b alleles produced a partial or mutated mRNA (Figure 2A , B, Figure S1 ), 153 leading to the production of a PDK1 kinase lacking its PH domain ( Figure S1 ). Previous studies 154 have suggested that a PH domain may not be essential for PDK1 function in plants (Dittrich 155 and Devarenne, 2012b). When we tested the kinase activity of PDK1 lacking a PH domain in 156 vitro, it showed very high autophosphorylation activity ( Figure 2C ). Based on these findings, we 157 concluded that the three published pdk1 T-DNA insertion alleles are not likely to be true loss-158 of-function mutants. 159
In order to obtain true pdk1 alleles for studying PDK1 biological function, we designed guide 160
RNAs against the 3 rd and 7 th exon, and were able to obtain five CRISPR/Cas9-generated 161 mutants with frame shifts in the PDK1 open-reading frame ( Figure 2D , E). Like the pdk1 T-DNA 162 insertion alleles, these new pdk1 mutant alleles did not result in significant morphological 163 differences from wild type. However, when combined with the pdk2-1 or pdk2-4 alleles, all 164 double mutant combinations showed the same striking dwarf phenotype ( Figure 2F -J). 165
Complementation analysis using either p35S::PDK1, p35S::YFP:PDK1 or pPDK1::YFP:PDK1 166 showed that the dwarf phenotype was caused by pdk loss-of-function ( Figure 2J , Figure S2 ). 167
For all three constructs, several lines were obtained that showed complete rescue of the pdk1-168 13 pdk2-4 double mutant phenotype ( Figure S2 , Figure S3A ). The results show that PDK1 and 169 PDK2 act redundantly and have a much more important role in plant growth and development 170 than was previously reported. 171 172 pdk loss-of-function leads to many developmental defects, but not to a pid phenocopy. 173
Besides the decreased rosette diameter and reduced final plant height ( Figure 2G , H), pdk1 174 pdk2 double mutant plants flowered much later and showed strong reproductive defects ( Figure  175 2I, J; Figure 3 ). The number of double homozygous F2 progeny obtained was much lower (1 in 176 47.7 ± 2.6) than the Mendelian ratio (1 in 16). Also F2 plants with the pdk1(-/-) pdk2(+/-) or pdk1(+/-) pdk2(-/-) genotype produced homozygous progeny at a much lower frequency than 178 the expected 1 in 4 ratio ( 179 Table S1 ). Seed production of the homozygous pdk1 pdk2 mutants (1.5 ± 0.21 per silique for 180 pdk1-13 pdk2-4) was significantly reduced compared to wild type (65.9 ± 0.61 per silique). 181
Mutant plants developed very short siliques ( Figure 3A ), a phenotype that has previously been 182 reported for Arabidopsis plants that are both male and female sterile (Huang et al., 2016) . These 183 results implied that pdk1 pdk2 loss-of-function causes gametophyte and/or embryo 184 development defects in Arabidopsis. Reciprocal crosses between wild-type and pdk1-13 pdk2-185 4 double mutant plants revealed both male-related and female-related reduced fertility. 186
However, since the cross Col-0♀ x pdk1-13 pdk2-4♂ produced fewer seeds than the 187 reciprocal cross pdk1-13 pdk2-4♀ x Col-0♂ ( Figure S4A ), it is likely that male gametophyte 188 development is more strongly impaired by pdk loss-of-function than female gametophyte 189 development. Alexander staining showed that pollen grain development in the pdk1 pdk2 190 double mutant was not aborted, but that anther dehiscence was the major cause of the male 191 fertility problems ( Figure 3B In contrast to the fertility problems, pdk1 pdk2 double mutants developed relatively normal 199 flowers that showed no clear patterning defects. Flowers did show early stigma exposure due 200 to impaired sepal growth, and slightly reduced filament elongation ( Figure 3I ). The short 201 inflorescences seemed not the result of reduced internode elongation, but were most likely 202 caused by early inflorescence meristem arrest (Hensel et al., 1994) ( Figure 2J ). The lack of 203 phenotypic resemblance between pdk1-13 pdk2-4 and pid-14 inflorescences and flowers 204 ( Figure 2J ) suggests that PDK1 is not essential for full PID function during inflorescence 205 development. Moreover, expression of a PID:YFP fusion in pdk1-13 pdk2-4 protoplasts showed 206 that PDK1 activity is not necessary for the predominant localization of PID at the plasma 207 membrane ( Figure 2K ). Based on these results and the overexpression data we conclude that, 208
in contrast to what has previously been suggested (Zegzouti et al., 2006a (Zegzouti et al., , 2006b ), PDK1 is not 209 a key regulator of PID activity. 210 211 Alternative splicing produces a functional cytosolic PDK1 isoform lacking a PH domain 212
The PDK2 gene produces a single transcript, whereas transcription of PDK1 results in at least 213 six different mature transcripts, due to alternative splicing events at the 5 th , 7 th and 9 th intron 214 (https://www.araport.org/). These transcripts can be translated into five different protein 215 isoforms, which we named respectively PDK1S0, PDK1S1, PDK1S2 and PDK1S3 ( Figure 4A ). 216
We checked the abundance of each mature transcript using semi-quantitative RT-PCR followed 217 by restriction digestion. The full-length PDK1 transcript was most abundant, and the short PDK1 218 transcripts producing isoforms lacking part of the kinase domain (PDK1S1, PDK1S2, and 219 PDK1S3) were also present at high levels, while the transcript producing the PDK1S0 isoform 220 with a complete kinase domain, was the least abundant ( Figure 4B ). 221
In order to test the functionality of the different isoforms, we expressed the corresponding 222 cDNAs in yeast (S. cerevisiae) strain INA106-3B, in which the PKH2 gene copy has been 223 replaced by LEU2, and the PKH1 gene copy has been mutated so that strain INA106-3B is able 224 to grow normally at 25°C but not at 35°C. As expected based on previous experiments, 225 expression of the full length PDK1 or PDK2 cDNAs allowed this strain to grow at 35°C (Dittrich 226 and Devarenne, 2012a) ( Figure 4C ). In contrast, expression of the cDNAs producing the 227 PDK1S1, PDK1S2 or PDK1S3 isoforms did not allow growth at the restrictive temperature, 228
suggesting that any deletion of the conserved kinase domain renders PDK1 non-functional 229 ( Figure 4C ). This is in line with loss-of-function observed for the new Arabidopsis alleles pdk1-230 11, -13, -14, -31 and -32, which all express partial PDK1 proteins having a small or bigger 231 deletion of the C-terminal part of the kinase domain ( Figure 2D , E, F). Interestingly, expression 232 of the PDK1S0 did permit INA106-3B to grow at 35°C ( Figure 4C ). The yeast data were 233 confirmed by 35S promoter-driven expression in the Arabidopsis pdk1 pdk2 loss-of-function 234 mutant background. p35S::PDK1 provided full rescue of the vegetative growth phenotypes of the Arabidopsis pdk1 pdk2 mutant, and some p35S::PDK1S0 lines showed the same level of 236 rescue ( Figure S3A ). In contrast, expression of PDK1S1 and PDK1S2 did not result in any 237 rescue ( Figure S3A ). Expression of a YFP:PDK1S0 fusion under control of the PDK1 promoter 238 in the pdk1-14 pdk2-4 mutant background also completely rescued the mutant vegetative 239 growth phenotypes ( Figure 4D ). However, pPDK1::YFP:PDK1S0 pdk1-13 pdk2-4 plants 240 developed shorter siliques carrying fewer seeds compared to wild-type or pPDK1::YFP:PDK1 241 pdk1-14 pdk2-4 plants ( Figure 4E ). Interestingly, a similar silique phenotype has also been 242 described for the Arabidopsis pdk1-b pdk2-1 double mutant, and according to our own analysis 243
the T-DNA insertion in the pdk1-b allele leads to the production of a shorter PDK1 protein with 244 an intact kinase domain but lacking the PH domain (Camehl et al., 2011) (Figure 2A , B). 245
These results corroborate the conclusions from the complementation experiments in yeast that 246 a full-length kinase domain is essential for PDK1 function, but that surprisingly the PH domain 247 is not essential for PDK1 function during Arabidopsis vegetative growth. Since the PH domain 248 is responsible for lipid binding, we checked the PDK1 promoter driven YFP:PDK1 and 249 YFP:PDK1S0 localization in root columella cells, where PDK1 is highly expressed. YFP:PDK1 250 localized both on the plasma membrane and in the cytoplasm, whereas YFP:PDK1S0 was only 251 found in the cytoplasm ( Figure S3B Since the pdk1 pdk2 mutant shows many defects in development and growth, we analysed the 258 spatio-temporal expression pattern of the two PDK genes to uncover their tissue-specific 259 functions. For this purpose we generated Arabidopsis (Col-0) lines carrying the 260 pPDK1::turboGFP:GUS (pPDK1-GG) or pPDK2::turboGFP:GUS (pPDK2-GG) construct and 261 used a pdk1-14 pdk2-4 mutant line carrying the complementing pPDK1::YFP:PDK1 construct. 262 PDK1 appeared to be strongly expressed in (pro)vascular tissues from the early globular embryo stage on, and in the columella root cap ( Figure 5 , Figure S5 ). The gene also showed 264 more general expression in young hypocotyls, cotyledons, leaves and floral organs, and in 265 growing siliques. The expression pattern of PDK2 was very comparable to that of PDK1 ( Figure  266 5 D, E, H, K, L), except that no expression was observed in the root apex ( Figure 5D Mutant primary roots elongated normally up to two days after germination, but after that their 280 growth rate declined (Figure 6 A,B) , and roots started to oscillate randomly with a large 281 amplitude, resulting in curved short roots ( Figure S6 ). Of 199 7-day-old seedlings, 18.1% of the 282 primary roots grew into the air. On a total of 460 pdk1-13 pdk2-4 mutant seedlings, 58% showed 283 fused or single dark green cotyledons, and the remaining 42% developed two cotyledons with 284 short petioles positioned at an abnormal angle (< 180°) ( Figure 6C -E). The cotyledon 285 phenotypes and short agravitropic roots are usually observed in auxin response or -transport 286 mutants or transport inhibitor-treated seedlings. By combining the pdk1-13 pdk2-4 double 287 mutant with the or pDR5::GUS auxin response reporter, we observed that auxin response was 288 absent or strongly decreased in the root stele and confined to the root tip, while an enhanced 289 auxin response was observed at the mutant cotyledon edges and in the fragmented cotyledon 290 veins ( Figure 6F , G, I, K). This highly resembled the DR5::GUS expression of 7-day-old 291 seedlings grown on medium supplemented with the auxin transport inhibitor naphthylphtalamic 292 acid (NPA) ( Figure 6H , J) (Sabatini et al., 1999; Bao et al., 2004) . Moreover, the increase in 293 DR5::GUS expression in cotyledons corroborated that pdk1-13 pdk2-4 mutants are defective 294 in auxin transport, rather than in auxin biosynthesis or -signaling. Short time treatment of wild-295 type and pdk1-13 pdk2-4 seedlings with IAA and subsequent qPCR analysis showed that the 296 auxin inducible expression of the IAA5, GH3.3 and SAUR16 genes was not impaired, 297
confirming that the mutants are not defective in auxin response ( Figure 6L ). Instead, pdk1-13 298 pdk2-4 mutant seedlings were hypersensitive to NPA treatment compared to wild type ( Figure  299 6M). Moreover, the auxin transport capability of pdk1-13 pdk2-4 inflorescence stems was 300 significantly reduced compared to that of wild-type stems ( Figure 6N ). Together, the above data PDK1 in planta. The stronger pdk1-13 pdk2-4 mutant phenotype suggested that PDK1 has 311 many more phosphorylation substrates. 312
In order to investigate whether PIN proteins themselves are PDK1 phosphorylation substrates, 313
we deduced based on published in vitro phosphorylation data, that PDK1 prefers to 314 phosphorylate the second serine residue in the RSXSFVG motif (X represents any amino acids) 315 that is part of the activation segment of the AGC kinases (Zegzouti et al., 2006a (Zegzouti et al., , 2006b . 316
Analysis of the large central hydrophilic loop (HL) of the 5 Arabidopsis PIN1-type PIN proteins 317 identified several RXXS motifs. However, in vitro phosphorylation assays using GST-tagged 318 PDK1 (GST-PDK1) and GST-tagged versions of the HL of PIN1, PIN2, PIN3 or PIN7 (GST-319 PIN1/2/3/7HL) only showed phosphorylation of the PIN2HL ( Figure 7A ). Interestingly, PIN2HL 320 S1,2,3A, in which the PID phosphorylation sites are substituted by alanines, was also 321 phosphorylated by PDK1 at same level as the wild-type PIN2HL ( Figure 7A ). PDK1 must 322 therefore phosphorylate one or more other serine residues that are unique to the PIN2HL. 323
However, PIN2 is not co-expressed with PDK1, and the PIN proteins that are co-expressed with 324 PDK1 in the root stele or columella cells (PIN1, PIN3 and PIN7) are not phosphorylated by 325 PDK1 in vitro. Moreover, no noticeable alteration in PIN1/3/7 protein polarity was observed in 326 pdk1-13 pdk2-4 mutant roots ( Figure 7C In this study, we found that the published T-DNA insertion alleles of the Arabidopsis PDK1 gene 343 copy are not loss-of-function mutants. Here we generated several CRISPR/Cas9-based true 344 loss-of-function pdk1 alleles that, when combined with the available pdk2 loss-of-function 345 mutant alleles, did lead to strong developmental defects. Different from animals and yeast 346 though, and more similar to the situation in Physcomitrella Patens, Arabidopsis pdk1 pdk2 loss-347 of-function mutants are viable, indicating that the substrate preference of plant PDK1 has 348 changed from that in other eukaryotes, and that it has lost its involvement in signaling pathways 349 that are essential for cell survival. By studying pdk1 T-DNA insertion alleles and splice variants produced by the PDK1 gene, we 402 revealed that the PH domain is not essential for the general PDK1 function in Arabidopsis. The 403 alternative splicing product PDK1S0, which lacks phospholipid binding ability and membrane 404 localization but still has kinase activity, is able to rescue the thermosensitive growth of the yeast 405 in the embryo and root tip. Apparently, PDK1 binding to the AGC kinase PIF domain is 420 sufficiently efficient, and does not require prior co-localisation at the PM. In conclusion, 421 alternative splicing of PDK1 transcripts may provide a novel and unique regulation mechanism 422 for balancing growth and defense in Arabidopsis, which differs from animals and yeast. 423 open reading frame shifts were used for further analysis ( Figure 2C ). 443
Plant lines and growth condition 425
For complementation analysis of PDK1 isoforms, the T-DNA constructs p35S::YFP:PDK1 or 444 p35S::PDK1FL/S1/S2 were transformed into the pdk1-13(+/-) pdk2-4(-/-) mutant background, 445 p35S::YFP:PDKS0 or p35S::PDK1S0 were transformed into the pdk1-13(-/-) pdk2-1(+/-) 446 mutant background, or pPDK1::YFP:PDK1FL and S0 were transformed into the pdk1-14(-/-) 447 pdk2-4(+/-) or pdk1-13(+/-) pdk2-4(-/-) mutant background, respectively. The genotype of the 448 pdk1 pdk2 mutant background was confirmed by PCR before floral dip transformation. All 449 genotyping primers are summarized in Table S2 . growth, seeds were surface-sterilized by 1 minute in 70% ethanol, 10 minutes in 1% chlorine 452 followed by five washes with sterile water. Sterilized seeds were kept in the dark at 4 °C for 2 453 days for vernalization and germinated on vertical plates with 0. Table S2 . 465
For detection of the PDK1 splice variants, RT-PCR was performed for 40 cycles using the 466 forward (FP) and reverse (FL, S0, S1, and S2) primers ( Figure 5B ), as listed in Table S2. amplified from Col-0 genomic DNA using the primers listed in Table S2 , and cloned in 481 pDONR207 by LR recombination. The resulting fragments were subsequently fused in-frame 482 with the turboGFP:gusA reporter gene in pMDC163(gateway)-TurboGFP:GUS by BP 483 recombination. (Invitrogen, Gateway BP/LR Clonase II Enzyme Mix, #11789020 and 484 #12538120). 485 PDK1 splice variants were amplified from cDNA of 5-day-old seedlings using the respect 486 primers (Table S2) PIN3HL and PIN7HL were amplified from Col-0 cDNA using primers listed in Table S2 and 495 cloned into pGEX also using Gateway cloning technology to obtain pGEX-PIN3HL and pGEX-496
PIN7HL. 497
To generate pPDK1::YFP:PDK1FL/S0 fusions, the 2.0Kb PDK1 promoter region was 498 introduced into pART27-35S::YFP:PDK1S0 by replacing the 35S sequence using restriction 499 enzymes BstXI and KpnI. pART27-pPDK1::YFP:PDK1S0 and pDONR207 were mixed with BP 500 clonase to obtain pART27-pPDK1::YFP:gateway. PDK1FL was then recombined into pART27-501 pPDK1::YFP:gateway by LR reaction to obtain pART27-pPDK1::YFP:PDK1FL. 502
To obtain the p416GPD-PDK constructs for expression in yeast, BamHI-PDK1FL/S0/S1/S2-503
EcoRI and BamHI-PDK2-XhoI fragments were amplified from pDONR207-PDK1FL/S0/S1/S2 504 and 5-day-old seedling cDNA, respectively, using primers listed in Table S2 . Fragments were 505 digested with the appropriate restriction enzymes and ligated into vector p416GPD. 506
The pCambia-pYAO-Cas9-gRNA1/2/3 plasmids for CRISPR/Cas9 mediated mutagenesis were 507 obtained by ligating the EcoRI-(Cas9+terminator)-AvrII fragment from pDE-Cas9 (Fauser et al., 508 2014) into pCambia1300 digested with EcoRI and XbaI. The EcoRI and SalI sites in the 509 resulting pCambia-Cas9 plasmid were used to clone the EcoRI-YAO promoter-EcoRI (Yan et 510 al., 2015) and XhoI-gateway-XhoI fragments amplified from respectively Arabidopsis Col-0 511 genomic DNA and the pART7-35S::YFP:gateway plasmid. Regions producing guide RNAs 512 (Table S2 ) designed to target respectively the 3 rd , 6 th or 7 th exon of PDK1 were ligated into pEn-513
Chimera (Fauser et al., 2014) , and introduced behind the YAO promoter in pCambia-pYAO-514
Cas9-gateway by LR recombination. 515
All primers used for cloning are summarized in Table S2 . To examine pollen vitality, anthers were collected from flowers just before opening into 70μL 530
Alexander staining buffer [10% ethanol, 0.01% (w/v) Malachite green, 25% glycerol, 5% (w/v) 531 phenol, 5% (w/v) chloral hydrate, 0.05% (w/v) fuchsin acid, 0.005% (w/v) OrangeG and 1.5% 532 glacial acetic acid ] on a microscopy slide, covered with cover slip, and incubated at 55 ℃ for 533 acid, 1 mM CaCl2, 1 mM Ca (NO3)2, 1 mM MgSO4 and 0.5% agarose] and incubated at 22 ℃ for 18 hrs. Ovules were cleared in chloral hydrate solution (chloral hydrate: glycerol: water = 537 4:2:1 by weight) for 4 hrs. Stained or germinated pollen and cleared ovules were imaged using 538 a Zeiss Axioplan 2 microscope with DIC optics and Zeiss AxioCam MRc 5 digital color camera. 539
Pollen tube length was measured with ImageJ (Fiji). 540 541
Protoplast isolation and transformation 542
Protoplasts were isolated and transformed as previously described, but with some 543 modifications to the protocol (Schirawski et al., 2000) . Protoplasts were isolated from 4-week-544 old rosette leaves instead of from cell suspensions, and we used a 40% PEG4000 solution and 545 15 μg pART7-35S::PID:YFP for each transformation. 546 547
Auxin transport measurements 548
Auxin transport assays were carried out as previously reported, with some modifications 549 (Zourelidou et al., 2009 ). Four 2.5 cm inflorescence stem segments from the basal part of 15cm 550 inflorescence stems were placed in inverted orientation into 30 μL auxin transport buffer (0.5 551 nM IAA, 1% sucrose, 5 mM MES, pH 5.5) with or without 50 μM NPA for 1 hour, then transferred 552 to 30 μL auxin transport buffer with or without 50 μM NPA containing 200 nM radiolabeled 553 We thank Christian Hardtke and Claus Schwechheimer for providing pax paxl and d6pk012 586 mutant seeds, respectively. We thank Timothy Devarenne for providing yeast strain p416GPD, 587
Sylvia de Pater for providing the CRISPR/Cas9 plasmids, Xiao Men for sharing preliminary data 588 on PIN2HL phosphorylation by PDK1, Kees Boot for help with the auxin transport assay, and 589 Gerda Lamers and Joost Willemse for help with microscopy. We are grateful to Nick Surtel, 590
Ward de Winter and Jan Vink for their help with plant growth and media preparation. This project 591 was supported by the China Scholarship Council. 592 Table S1 Frequency of pdk1 pdk2 double homozygous progeny obtained from pdk1 (-/-) pdk2 752 (+/-) (green) or pdk1 (+/-) pdk2 (-/-) (yellow) parent plants. n>130. n. a.: not analysed.
754
pdk2-1 pdk2-4 pdk1-11 1:5.8 1:9.6 pdk1-13 1:7.3 1:13.3 pdk1-14 1:26.6 1:12.3 pdk1-31 n.a. 1:9.3 pdk1-32 1:7.5 1:5.7
